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THE WAY TO INCREASED AIRPLANE ENGINE POWER*

By Eugen Vohrer

INTRODUCTION

The steadily increasing demands made on present-day
power plants due to the continued development of the air-
plane raise more and more difficult design and production

“ problems. Nevertheless, advances have been made in the
development of the airplane engines such as would have
been considered impossible a few years ago. Several en-
gine manufacturers (Wright, Pratt & Whitney, and Bristol)
were able in one decade to more than double the output of
their engine types (Cyclone, Hornet, and Pegasus) for the
same displacement volume and to reduce the weight/power
ratio by almost half. How was this progress made possible?

The present-day high-power engines are the result of
careful design making use of the laboriously won data on
the application of higher speeds, greater mean and intake
pressures, higher compression ratios anq smaller fuel con-
sumption. A particular impulse was given ‘by the use of
higher knock-rating fuels and better lubrication oils, and
the mechanical problems - reduced wear of the engine parts,
increased useful life and improvement in over-all operat-
ing characteristics - are now solved to such an extent that
the in5ervals between overhauling have been lengthened
from 250 hours to 500 to 600 hours and that the total life
of the engine extended to more than 3,000 hours.

This rapid development in the airplane engine is re-
sponsible for the present-day flight performance’. High
short-period power performance reduces the take-off dis-
tance and makes possible favorable take-off characteristics

“ also for high-speed aircraft. There is an increase in the
,rate of climb and at the n,igher altitudes high cruising
speeds are attainable. The l~wered fuel consumption re-
sults in considerably greater economy, pay load, and range,
particularly for long-distance flights.
——. —. —-————
* lJDer Weg ZUIU Hochleistungs-Flugmotor .‘~ Luftwissen, Ed. 5,
Nr . 10, Berlin, October 1938, pp. 357-67.
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Since 1934 there has been observed a strong increase
~n engine performance and, in almost every country with
its own aviation industry, the center of interest is the
large power unit capable of generating over 2,000 horse-
power. Various papers have been punished in recent times
on the possibilities and problems arising in connection
with the creation of suitable structural forms, cylinder
size and arrangement, head resistance, cooling, etc. Our
purpose in tlie present paper is to.give an outline. of ‘the
present state of development and point out the possibilities
available for the further increase in the power/displacement
ratio, the economy, and the reliability of the engine.

HIGH-OUTPUT ENGINES

In 1936, Nutt, cliief designer of tkie Wright Aeronau-
tical Corporation, denoted engines of 25 or more horse-
power per liter as high-power engines. Today, after two
years, we can already raise this num-oer to about 30 horse-
power per liter (0.41 hp./cu. in.) for engines of over 2
liters cylinder displacement and for the smaller cylinder
dimensions to 35 horsepower per liter (0.57 hp./cu. in.).
The present peak values (referred to power in take-off)
for the large radial engines lie at 37 horsepower per iiter
(Wright Cyclone G 102, fig. 1), for the air-cooled in-line
engines at 57 horsepower per liter (0.93 ‘hp./c’u. in.)
Napier Dagger VIII, fig. 2), and for the liquid-cooled en-
gine between 34 and 36 horsepower per liter (0.67 hp./cu.
in.) (Rolls-Royce Merlin II, Allison V 171O-C6, fig. 3).

I?or the development of more than average-size airplanes
tilere are available at present principally two types of en-
gine construction; namely, the single-row, 9-cylinder,
radial engine or the 14- and 18-cylinder,double-row, radial
engine with 1;000 to .1,500 horsepower and the liquid-cooled,
2X6 cylinder, in-line, V engine with 1,000 horsepower out-
put * In addition to the high-power, air-cooled, in-line
H-type engine with 4X6 cylinders introduced in England some
years ago, there has been an increase in the power of air-
cooled, in-line, V engines [reference 1). The original
problems of providing adequate cooling of the in-line en-
gine have given rise .to bold plans for the future with the
object of developing engines that will be able to enter in-
to serious competition with the liquid-cooled power plants.

Wood (reference 2) sees the trend of development of the
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liquid-cooled, in-line power ’plant in a 24-cylinder, X
engine and.po,int,s ,out t.hat.,tae.,e,ng,*.neland o.il’’.raditorsrs>...
coul”d he hilt into the aircraft in such a manner that
the total frontal cross. section is only slightly greater
than that of the engine alone. Actually for gresent-day
aircra,ft with nozzle radiators, the.power expenditure for
cooling still am.o,unts to about 5 to 10 percent of the
engine power outp-ut (reference 3).

.,

In the medium power outputs between 300 and- 80,0 .
horsepower, the a.ir-,cooleii,two-row engine predominates,
followed by the single-row, radial engine, and only in
individual cases is this performance given by the liquid-
cooled engine. Engines of this output range of the air-
cooled type at present attain power/displacement ratios
of up to 38 horsepower/liter (Argus As 410~ fig. 4;
Renault i2 S) and the water-cooled type, 34 horsepower per
liter (Jumo 210).

Since at la,rge forward speeds the reduction of the
frontal drag is often of greater effect than that of the
weight, the large representation. of the in-line en+;ines
in all power ranges is in no small mess-~re due to t’heir
great success in the races of recent years and the victory
of an air-cooled, in-line engine over the more than 50
percent stronger radial engines in the air races in the
United States in 1936 (reference 1). ,

DEVELOPMENT OF PliESEITT-IIAYENGINES

TOR HIGHER FOWER OUTPUT

The continuous power developed by an engine determines
in general the size of the swept volume. I?rom the. familiar
power formula

IT= –~- v~ n pm
900

for equal displacement v~ , there are given the tm~o possi-
bilities of raising the rower, namely, by application of
higher rotational speeds (n), and hy higher mean effec-
tive pressures (Pm) ● The maximum rotational speed of an
en~ine is limited, however, by the restricted speed of the
valve mechanism and by- the maximum v-alve cross sections
permitted ‘Dy the c~linder head.. For the engine with direct

— .—
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intake the maximum speed limit is characterized on the
power diagram by the highest point on the power curve.
Nore recent engines at standard conditions on a normal
day’ attain at this point a mean indicated pressure of be-
tween 12 and 13 atmospheres (177 to 191 lb./sq. in.). In-
vestigations have shown that this mean effective pressure
can be attained for a gas speed at the inlet port of about
80 meters per second (262 ft./see.) if the latter is com-
puted from the ratio of piston area to the maximum free
port area and mean piston speed (fig. 5). If the swept
volume and size of port are held fixed, the maximum values
of the speed and the power ‘to be expected may be predicted
from them. Since within wide limits the free inlet cross
section determines the power developed by a cylinder fur-
ther improvements in the flow relations, having regard to
high rotational speeds and mean’ pressures, are particularly
promising.

For the supercharged engine the increase in the size
of the valve cross- sections on account of the reduced flow
losses in the ports means a lowering of the supercharge
pressure, supercharge temperature, and supercharge power.

According to figure 6, the flow losses amount to
about 45 percent of the total power losses. In the at-
tempt further to reduce these throttle losses, there has
been an increase, in the course of development, in the
ratio of intake valve diameter/cylinder diameter to about
0.5 for the two-valve cylinder and to about 0.35 for the
four-valve cylinder. Exhaust valves are in general 6 to
11 percent smaller in diameter than the intake valve”s.
The question arises as to what shape of combustion chamber
makes possible the application of maximum valve areas.
The most favorable conditions appear to be for the case of
the spherical-shape combustion chamber :.with two obliquely
arranged- valves. Large valves require, however, corre-
spondingly large lifts to which especial attention must be
paid, particularly with regard to the durability of the
valve springs at the higher valve gear speeds. The smaller
lift of the four-valve arranger,ent is more favorable in
this respect, though not providing the possibilities for
maximum valve cross section.

In many cases the choice of more favorable valve tim-
ing, taking account of the rotational speed and supercharge
pressure, leads to a further improvement in the mean effec-
tive pressure. From 4 to 8 percent higher values, accord-
ing to the initial conditions, are attainable (reference 4),
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(fig. 7) and these may be. raised still further by an in-> .,–...
ciea”se in “tl.”e’””vol’umetric“efficiencythrough -tihe-sc,aveng-
ing of. the burned gases remaining behind (ref. 8).

Undouhteiily, the most effective means for raising the
useful pressure lie in increasing t-he air flow through the
cylinder. Care must be taken, however, that the weight of
air drawn in is converted into power, at high efficiency.
According to Ricardo, the effectiveness of a comlmstion
cha’mber may be expressed by the factor

indicated power (hpi) ~
n= ————- ...—-..——————-_—--—-

air consumption (kg/h)

where C is a constant which for 87 octane aviation gaso-
line may be set equal to 87.8. According to tests, the
spherical combustion chamber has the advantage over the
roof-shaped or cylindrical chambers (fig. 8). For opera-
tion with direct air intake, h~gli-power mixtures, and well-
sh.aped combustion chaxr.hers, there are at present attain-
able 1,500 indicated k.orsepower per kilogram air per sec-
ond (595 hhp./cu. in.). The dependence of this ratio on
the supercharge pressure and the fuel-air ratio is shown
in figure 9. !lhe effect of t“he rotational speed is insig-
nificant.

The effect of the com~ression ratio on the mean pres-
sure is relatively small hut on the ignition pressure it
is considerable (fig. 10). Yor a given fuel the mean pres-
sure may be increased more by supercharging ‘than by the ap-
plication of a higher compression ratio. On the other hand,
the higher thermal efficiency of the high-pressure engine
leads to lower fuel consun$.tion, so that for purposes of
greater economy, range, and power a compromise must be made
between the degree of supercharge and the compression ratio,
the limits being drawn by the knock rating of the fuel.
For an economical ratio between the power and weight of a
power plant, Ricardo suggests for the immediate future a
rise in the ignition pressure to 80 kg/cm2. (1,150 lb./sq.
in. ). With the application of 87 octane fuel, greater com-
pression ratios than 7:1 for the air-cooled engine and 8:1
for the liquid-cooled engine do not appear to be of any.
further advantage, since beyond this limit the thermal ef-
ficiency no longer increases proportionately with the com-
pression ratio 6, although the maximum Pressure continues
to rise. At ~=? the maximum pressnre of 80 kg/cm~
will be attained. at about 1.5 atmospheres supercharge and
for c=8 at about 1.23 atmospheres supercharge.
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The effect of the supercharge temperature on the power,
according to tests thus far made, is”a function of the type
of construction of the cylinder. Figure 11 shows that high
superc-barge pressures may lead to considerable power losses.
Here too, possibilities appear for the effective reduction
of these losses by the improvement of’ the supercharger,
utilization of the cooling effect of the fuel ‘evaporation,
and the lowered atmospheric temperatures at high altitude
and, finally, by the cooling of the charge by means of alco-
hol or water.

With present airplane-engine superchargers there are
now attainable adiabatic efficiencies of 70 to 75 percent.
Test laboratory results give values lying above 80 percent
which will probably be practically utilized in the near
future. The importance of improvement in the efficiency
may be seen in the fact that a 10 percent increase, for
example, in the efficiency of a supercharger with 7,000
meters critical altitude gives an increase in power of 4.5
percent or for equal temperature an increase in the rated
altitude by about 1,000 meters. Figure 12 shows the,at-
tainable cooling effect through the fuel evaporation,as a
function of the fuel-air.ratio. The, temperature of the
supercharge air and the efficiency .of the fuel preparation
determine the proportion of the fuel evaporated. With
good atomization approximately half the fuel will evaporate
at 20° C. and above 50° C. the total fuel will evaporate.
Complete utilization of this advantage will be mainly w.he
result ,of the fuel and mi=ture preparation ahead of the
cylinders while in the case’of direct fuel injection into
the cylinder the shorter time availalle for the mixture
preparation will result in a lowered mixture cooling. The
utilization of the decreasing air tem~erature with altitude
is possible, however, where the mixture is al}ow,ed to form
directly in the cylinder or at a position between the super-
charger and inlet valve by means of a carburetor and where
the supercharge air temperature is already so high on ac-
count of the compression that intake air preheating is not
required to take care of icing danger or to improve the
mixture preparation. At the rated altitude of 4.5 kilo-
meters the difference in power between preheating the in-
take air to +15° C. and utilization of the cold air already
amounts to 8 percent. The most effective mixture cooling
through fuel evaporation and elimination of preheating are
therefore possesed by engines with pressure carburetors.
The possibility of supercharge cooling by means of the ad-
dition of water or alcohol will be discusse$l below in con-
nection with the increase in take-off power.



N.’A.C.A. Technical Memorandum No.. .8’.94‘ 7

If the “rated a.l.t.it-ude of a power plant is’4.5 kilo~
,,- met era-about 8@per”cent of the. c.rui~.ing.-po,w.~r w:ill. -be.

avatlabl”e at 6 kilometers altitude,
be Sufficient ,

These “relations will
except for some part icular cases , for

pract ical””purposes in the near future.” At ‘7,000 meters
critical altit”ude Of the supercharger, 1.3 atmospheres .
supercharge are still available at 4.5 kiiometer.s (15,000
ft. ) with a supercharge temperature which is still suf-
ficietitly far below the kno:ck Iimi-t. The required periph-
eral wheel speed of about 325 meters per second is still
far removed from the limiting output of single-stage su-
~erckargers, which limit is at present determined by the
strong lowering in the supercharger characteristics after
attaining the speed of sound corresponding to a peripheral
speed of about 500 meters per second and a delivery head
of 12,700 meters. l?urther possibilities for raising the
altitude are offered by the improvement of the gas-flow
process. Earlier valve opening time and later closing of
the outlet valve lead. to greater power with increasing
altitude through scavenging. A compromise will have to
be e~fected between the valve timing overlap and the pres-
ent requirements of safe idling and good starting of the
engine . In many cases, the de”terminationof the most fa-
vora%le ignition timing iS of importance for the power and
fuel consumption at high-altitude operation. ‘I?romthe in-
crease in the air-flow discharge and t“he decrease in the
pumping and exhaust power for a constant supercharge pres-
sure of 1.033 atmospheres and constant supe-rcharge tempera-
ture with normal valve timing, the following increases” in
power with altitude are to be expected: .

Altitude in km “o .2 .4’
.’

Increase in indicated power
in percent ‘.0 “4 7 9.2.5 10.5

,, ..

The problem of cooling is one of the most serious of
the airplane-engine designer. Development and research
have given him a wide field and the problems are so numer-
ous that they can he sketched only briefly in the follow-
ing4 Since there ts little promise for an appreciable ins-
prov.ement in the present thermal efficiency of.about 31 ;
per~ent, referred to ftidtcated-power and high*po.wer”mix-
ture, each increase in the pow”er/displactiment ratio. leads
inevita~ly to an increase .in the heat .losse,s “by almost
the same percent as the increase. in power.. ::.l?umdamental
methods had to be ,found to”conduct away this’ waste heat
in order to obtain moderate temperat~~,rerises i-n the struc-
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tural elements as cylinder head, piston, .and other parts.
Thus, for example, Wright has increased the cooling-fin
area of the cylinder head and cylinders of the ‘~Cyclone by
120 percent while the power has increased by only 62.5 per-
cent (reference 5). In the case of the Pegasus, Bristol
has obtained a 113-percent power increase by increasing the
total fin area by 164 percent (reference 6). The fin spat-
ing for the cylinder head now amounts to 5 to 5.5 milli-
meters (.216 in.) for a maximum fin depth of about 40 milli-
meters (1.56 in.). If, as in the case of the Pegasus XVIII,
the cooling fins are milled from the complete cylinder, the
fin spacing may be chosen from 4.5 to 5 millimeters and the
fin depth up to 55 millimeters (2.16 in.). Table I shows
some cooling surface characteristics of airplane engines.

By proper cowling of the cylinder and shaping of the
cooling-air inlet, it is possible to lower the cylinder
temperatures and cooling losses. Regulation of the cooling_

air cross sections at the exit of the engine cowling im-
provesthe cooling action at small speeds and at high speeds
reduces the cooling which without cross-section regulation
would increase with the third power of the flight speed.
The cooling-air requirement of present-day engines lies
between 15 and 30 kilog~ams per horsepower-hour (6.83 1%.
and 13.66 lb.) and the internal cooling-power expenditure
between 1.5 a~ld 3 percent of the engine output. The most
difficult cooling conditions occur in climb on account of
the high engine power required and the low flight speeds.
The high fuel consumption of 300 grams per horsepower-hour
in take-off is due to the fact that the insufficient air
cooling must be assisted here by the “fuel cooling.i~ Con-
siderable improvement may be expected by the application
of forced cooling. (reference 7).

By means of liquid cooling, it may be easier to main-
tain the combustion space and the portion of the cylinder
covered by the piston travel at a uniform temperature.
The problems here are less those of the engine than those
of the radiator since with a liquid-cooled engine it is
always possible, on the as-sumption of sufficient mechani-
cal strength, to attain increased power for special pur-
poses by changing only the amount of fuel, supercharging
pressure, and size of radiator; In further development
it will again be striven to eliminate the heat stresses
of the cylinder and to improve the heat transfer from the
external surfaces to the cooling mediumand the operating
conditions of the piston. According to most recent re-
sults obtained, it is possible to reduce the interference
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drag” by low’eri.ng the radiator l.n.t.othe fuselage. or,wing
. . and -th rmug.h..th.ea p’.i.i.c,a.ti.on o.f;..:no.zz l~e:co “O.l=i..ng[c Oo.>..i,.ng.,.“

with smail speeds Y to reduce g,ileatly,the internal cooling.
drag (reference 7).., ‘The wing-surface ,.radiator will lose
more a~d more in importance with the continually decreas-
ing wing areas required for the high spe.ads. There are,
,moreover, indications that the profile drag increases on
account of. the “increased viscosity of the hea.te& boundary
layer (reference 3) . It appears to be possible: both for
the liquid-and ai.r-e’ooled engines to attain a cooling
power expenditure which makes up only a small portion of
the engine propulsive power.,

METHODS OF INCREASING TAKE-OFF POWER

The trend of airplane design has been such that the
engine is called upon to deliver continually increasing
Fewer at take-off. At first a 10-percent-higher-than-
rated power was considerefi satisfactory. At the present
time, however, engines are known which have a 25 percent
increase of short-period output. Competitive races and
performance record~ also contribute to the ever increas-
ing demand on the engine power. The limit for the super-
charge.pressure required for these powers is determined
by the occurrence of knocking. Fortunately, fuel chemists
have succeeded in improving the knock rating of the fuels
to such an extent that it is rather the cooling and maximum
pressure that may be looked upon as the limits, of power
increase.

Tor supercharged engines 87 octane fuel is at present
employed almost without exception. Recent tests. have shown,
for example, that for favorabiy shaped comb.usti~n chambers
knocking is set up at a supercharge pressure of 3.4 a$mos-
pheres.and a supercharge t.emperature”’of 110° .C. (fig. 11).
S-ach temperatures occur f.n‘operation near the ground with
a supercharger designed for 4,5oO meters rated altitude
and 1.3 atmospheres supercharge pressure.. In.such a case
between the rated arid the take-off power .thetie.would be,
possible a supercharge-pre,sstire increaseofonly 7.5.:~.er-
cent . Under the assumption that ,themaximu.m mean .ind:icated
pressure (pi = 12.5 atm..) occufis for.a gas velocity of
80 meters per secbnd at the, in~ake.and’ for,:.th.e.xnostusual
stroke-bore ;ratio H:D = 1.1,, figure 13 sho~?s the. maximum
speeds and the attainable powers for the, various cylinder
‘sizes. The unfavorable effect of high .sup.ercharge temper-
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atures on the engine power here comes plainly into evi-
dence. Invest i.gations having for their object the lower-
ing of the temperature and the raising of the supercharge
pressure are concerned with the application of high octane
fuels, speed regulation” of the supercharger, and super-
charger cooling by injection of water or alcohol.

The improved fuel efficiency makes possible the appli-
cation of higher temperatures, supercharge pressures, and
compression ratios without the fear of knocking. The ad-
vantages gained in power in raising the octane number from
70 to 87 to 100 are very great. Thus , according to Ricardo ,
for a compression ratio c = 6.5 in passing from 87 to 100
octane there is an increase in the mean effective pressure
by 52 percent if the power in each ‘case is limited ly
knocking (reference 8). Of this power dncrease available
only about 15 percent is at present utilized. Thus, for
example, the 30-liter Pratt & Whitney 14-cylinder double-
row radial engine Twin 17asp gives 1,065 horsepower take-off
power at 87 octane and 1,215 horsepower at 100 octane.
with this fuel the supercharger with no regulation would be
utilized better near the ground without lowering of the
supercharge temperature and the power required for driving
the supercharger. The possibility of raising the compres-
sion ratio through the use of high octane fuel up to the
maximum compression limit imposed by the engine construct-
ion would be a means of lowering the supercharger power
requirement and the specific fuel consumption. In addition
to the fuels of 100 octane number, there also deserves to
be mentioned the favorable characteristics pointed out by
o. Kurtz of a three-component mixture Bi-Eo-Alc with 90
octane (reference 4).

In connection with .the lowered atmospheric temperature
with increasing altitude, the end temperature of the super-
charge air for the supercharger with fixed gear ratio and
constant efficiency decreases somewhat faster tk.an tune in-
take temperature with the altitude and the required ‘super-
charger power increases. As regards the effect of the de-
creasing exhaust hack pressure on the gas flow, there is
an increase in engine power with altitude for constant sup-
ercharge pressure. In the ideal case of no losses and
continuous regulation, the gear ratio %etween engine and
supercharger will be varied so that the prescribed super-
charge pressure will just be attained. Power requirement
and compression end temperature thereby decrease to such
an extent on the ground that for a 4.5 kilometer supercharg-
er and 1.3 atmospheres supercharge pressure, there may be
an increase in the take-off power of about 25 percent.

.
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With increasing altitude, the engine power. falls off by
the increase ,in the power tak,~p @y the sup,erchqrger and the.
end te’rnperature until at 4,5’kilometers rated altitude it
reaches the power of the engine with unregulated super-
charger. Without supercharger. regulation there would he
required in the case of the example given an” increase to
about 1.5 atmosphere for a 25-percent take.-o,ffpower in-
crease. The advantages of the centrifugal supercharger
with speed regulation are maintained not only for the
take-off and climb but its application Leads to greater
rated altitudes such as were not considered possible on
account of insufficient take-off power. The question as
to what supercharge processes, approach t-ne Ilideal caseli

most closely and what speed regulation possibilities
possess any promise of success for the airplane engine
supercharger was considered by A. Nutt in his paper before
the Lilienthal-Gesellscnaft in 1936 (reference 5). The
two-stage supercharger already in use to some extent may
be considered as the first step to speed regulation. Ac-
cording to the favorable results of a test design of the
D.V.L. (reference Ii), ,the no-losses, stageless supercharge
regulation is no longer to be considered as an unsolved
problem. The application of the exhaust turbine super-
charger is hindered by ty.e high exhaust temperatures
(l,c)oo~ c. to 1,1500 C.) of internal com-oustion engines.
Their practical application will depend on the furth~r im-
provement of heat-resisting materials and the production
of an economic cooling method of the gases before imp~n&-
ins on the blades without the usual disadvantages for the
turbine and t“he propulsive power, or through sufficient
cooling of the endangered structural parts themselves (ref-
erence 10). The exhaust turbosupercharger will have the
advantage over the mechanically driven supercharger, pa.rtic-
ularly ~il fuel consumption and in range at high-altitude
flight.

The requirement of effectively lowering the large
loss in power at high supercharge temperatures has suggest-
ed the utilization of the high heat of evaporation .of water
and alcohol, since surface radiators, on account of their
size and weight, their ineffectiveness in take-off, and
their additional propulsive 10SS in flight are eliminated
as far as economical installation is concerned. The re-
sults of present D.V.L. tests (reference 4) indicate that
through the injection Of water or alcohol into the cylinder
a considerable lowering in the charging and combustion
temperatures amy be attained with small expei~diture. Since
cooling of the c-barge appears necessary only for the case

1 – — . .—.-...
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of the short -pe’riod.power output, the weight expenditure for
cooling remains within. toler.alle limits. If the advantages
of charge-cooling are combined with the possibilities of a
100 octane fuel, wemay obtain power/displacement ratios
which with present- day means ‘we shall hardly be able to ex-
ceed. The way leads step 3Y step to those peak outputs of
70 to 100 horsepower per liter which can now be attained
only in the laboratories on test engines.

Onthe way to these performances the further develop-
ment of the two most k.ighly stressed structural parts$
nanely, the piston and the exhaust valve must lead to spe-
cial progress. Improvement in the heat flow, sufficient
resistance to increased maximum pressures, decrease in car-
bon deposit, fractures and wear on the piston rings, and,
finally, piston cooling ar~ the problems of design and in-
vestigation for the near future. Sticking piston rings and
piston seizing are the most common of engine disturbances.
We can no longer restrict ourselves to the piston rings
alone i.n conducting the heat away to the cylinder walls!
but must also,in the view of Ricardo, strive to attain ef-
fective cooling of the piston rings by heat transfer to the
oil. This requires tke use of a very large number of deep
cooling fins on the under side of the piston as well as an
increase in the distance of the first piston ririg from the
piston Iottom. in order to remove the latter farther from
the direct effect of the combustion gases. The lack of
uniformity in the quantity and direction of flow of the oil
to be injected OL the inner side of the piston is to be
replaced by a carefully regulated flow of cooling oil and,
finally, we may expect improvements also in the piston ma-
terial.

With the increasing heat to Qe disposed of by the cyl-
inder and the higher mechanical stresses through the, rising
rotational speeds, the structural shape and material of the
exhaust valve have .cha.nged considerably. Chemical cooling
of the exhaust valve has been improved by keeping the en-
tire valve head hollow so that i.t can be cooled in the
same manner as the valve stem. Pye announces a new material
for the valves which should bean improvement over stellite
(reference 9) .
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THE VARIOUS .METHODS O?l PREI?ARAT I,OI?OF THll ‘FUEL MIXTURIl
... .,. . ..-.,,.,,,,. ,,...—.,....1..,,.....+....,,.,

,AN’DTHEIR ‘“EFFECT ON pC)WER, ECONOMY :‘~iii”5~F~TY ““’ “

The carburetor method still occupies the chief place
in mixture preparation. before injection. The progress
made in power, fuel co:’isumFtion,, and .safe.ty are to a large
extent the result of the e.ffici.ency of our ,present carbur-
etor installations. I?oreign engine manufacturers often
guarantee fuel consumptio~~s for cruising of .195 grams per
horsepower-hour, and only recently in a test of the Argus
As 410 (fig. 4) a fuel consumption of only 186 grams per
horsepower-hour could %e obtained. Ice aad condensation
deposits, sensitivity to position, anci danger of fire ap-
pear as disadvantages of the carburetor for the elimina-
tion of which various methods are suggested: carlmretor-
heating, air-preheatir.g, ad.~ition of alcohol, elimination
of the float-type carburetor. Zce formation is the most
serious problem. After it was found. t?.at warming t’he car-
buretor ‘by the engine-lllbricating oil was ix~ad,eouate, an
attempt was made to warm the intake air by mean; of the
ex’haust.gases. Space and weight requiremerits are too great,
however, for a suffici.e.ntiy large preheater and, moreover,
preheateti air leais tc considerable loss in power. A more
favora’~le rnet’hod,according to tile English tests, appears
to”be the addition to the fuei of 3 to 5 percent alcohol
whirh, whenever there is a tendency to ice formation, is
independently supplied ty a simple apparatus from. a small
tank and is atomized together together with the fuel.
Pressure carburetors connected between supercharger and
cylinder eliminate any necessity for a deicing xnethQd axial
make possible for high altit~~de operation the utilization
Of the decreasing atnos-pheric temperature. Witli regard to
uniform mixture distribution in the case of a large number
of cylinders, pressure carbur~tors offer considerably
greater difficulty than suction carburetors arranged ahead
of the supercharger. Ccarefu].ly serviced carburetors at
present attain a time iaterval between overkaulings of 500
to 600 hours.

A fundamental means of elimination of the disadvan-
tages ‘of operation with a carburetor .is f,ound in the me-
chanical preparation and distribution of the fuel.. It is
known that an engine with fuel injection into the cylinder
gives a higher power output than an equally large carbu-
retor engine... The reasons for the increase in power are,
according to- Ricardo, to be found in the Greater air flow

I
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due to the elimination of the carburetor’ throttle losses
and in the possibility of the dead air scavenging without
loss in fuel. For large overlap of the valve timing an
increase of 15 to 2@ percent in power may be expected
through dead-air scavenging. On the other hand, it is not
to be exmected that with direct injection merely the fuel
preparation will be as good as wit-n the carburetor, but
by means of intensive atomization of the fuel adjustment
of the fuel jet to the shape of the combustion space and
good turbulence of the fuel-air mixture in the cylinder!
care must be t’aken to see that even the last fuel drops
reaching the cylinder do not escape combust ion.

Under certain conditions, it may even be necessary
to make use of the Diesel engine methods to attain an ef-
fective mixing. As regards fuel consumption, there is no
essential difference between the injection and carburetor
engine. The application of high-boiling-point gasoline
which, on account of the low volatility cannot be consid-
ered for the carburetor engine, is promising for the di-
rect fuel injection into the cylinder.

Of equal importance for all mixture preparation proc-
esses is the proper choice of fuel-air ratio and its regu-
lation. Lowering of the fuel consumption is of utmost
significance for economy over long ranges. One of the
means of attaining it is the operation with excess air.
The progress attained in the improvement in the mixture
preparation and distribution have made -possible the appli-
cation of higher excess air ratios with lower fuel con-
sumpt ion. The lowust consumption today lie within the
range of an excess air coefficient of 1.10 to 1.25,’ cor-
responding to a decrease in power, for constant super-
charge pressure, of 10 to 20 percent based on the maximum
power mixture (A = 0.8 to 0.9, fig. 14). As a result of
the lowered combustion speed in the case of excess air,
there is a retardation in the pressure rise and the com-
bustion continues far into the expansion stroke with the
consequences of after--burning and high exhaust tempera-
tures. %y advancing the ignition, these disadvantages may
be eliminated and conditions obtained which are suitable
for continuous operation. The utilization of this knowl-
edge means a fuel-saving in cruising flight of about 20
p~rcent.

The requirements for increased power, economy, and
safety of recent high-performance engines have made it
necessary that the pilot be relieved as far as possible
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from regulating the engine and this function be trans-
... f-erred to regulating d.e.vices...The-methods..of.. .regulat ing

themselves have in the course of development become ”more
numerous and complicated. The power is regulated by the
supercharge-pressure regulator operated through oil ‘pres-
sure by changing the throttle-valve setting. In most
cases the superck.arge-pressure regulators are no longer
designed as” simple final pressure regulators for a single
adjustable maximum pressure but as single or several-
stage regulators for varialle supercharge pressures. It
has the function of always maintaining constant the pres-
sure selected by the pilotls throttle lever and of being
continuously variable up to the take-off supercharge pres-
sure so that at all altitudes. there remains no range of
dead motion.of the throttle lever. A similar effect may

.... .

be attained with a “simple fiaal pressure regulator by put-
ting a throttle valve ahead of and behind the supercharger.
The application of the excess-air method and flight at
high altitudes require, in order to remove the difference
in fuel consumption and avoid engine injury due to the
inaccurate setting, an independent mixture and i<nition-
poict regulation. The importance of this regulation be-
comes clear when it is considered that before its intro-
duction differer,ces in fuel consumption of 25 percent were
found for the same engine and airplane design. The nix-
ture regulators have in general two fundamental settings,
one for full load, denoted as “rich rnixture’t and one for
reduced load, denoted as ‘[poor.” Whereas, in the case of
the carburetor engine, the mixture re~ulator oiily regulates
the mixture for altitude in the case of direct-injection
en&ines, the fuel re~ulator must p~erly adjust the fuel
to the intake air. This explains the fundamental differ-
ence in the construction of the two types of regulators.

SPECIAL PROBLEMS

The above considerations have been restricted to the
development of the type of airFlane.engine construction
that is practically the only one in use, namely, the valve-
operated, four-stroke, spa.rk-ignitior. engine. The years
of research and development have brought t-his standard air-
plane en~ine to such a high stage of maturity that engines ‘-
of a newer tyFe of constructiorl may not be expected to
surpass its performance in a short time. There are no
limits, however, set to the spirit of technical progress
and therefore the question arises whether unusual changes
in airplane-engine “construction might have any chance for
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success. In the center of these special problems stands
the sleeve-valve engine. Interest in the Diesel engine
seems in recent years to have fallen off in view of the
hardly attainable weight requirement and the continuous
decrease in the fuel consumption of the spark-ignition
engines. The tendency toward ever-increasing flight
speeds further restricts its range of applicability, and
only in long-range flight will it remain for the present
of advantage over the spark-ignition engine.

The way to sleeve-valve-driven airplane engines was
pointed out. by Ricardoand the Bristol firm in England.
The two engine types, Perseus and Hercules! that are Put
out in series production are a proof of the practicability
of the sleeve-valve engine. The 9-cylinder, radial
l?erseus XII with 24.8 liters displacement (fig. 15) has a
maximum power output of 918 horsepower at 1980 meters al-
titude and t-he 14-cylinder, double-row Hercules (fig. 16)
with 38.7 liters displacement has an output of 1,375
horsepower at 1,220 meters. T!h+se four-stroke sl.eeve-
valve engines already attain the peak values of 36 to 37
horse~ower per liter of the poppet-valve engines. The
numerous. advantages - higher volumetric efficiency, ability
to assume a greater load through high knock rating, lower
fuel consumption, better mean effective pressures by util-
izing stratified charge, and turbulence obtained by Ri.cardo
with Burt-McCollum sleeve-valve mechanism are not to be
overlooked. It is not to be supposed that development will
stop there.

To the problems of future engine development belongs
also that of the two-stro”~e-cycle engine. For serious at–
tempts seem up the the present to have been made to develop
a two-stroke engine for operation with gasoline. !l?heim-
perfect cylinder scavenging and the difficulty of the heat
transfer seriously obstruct the way to ‘success.
straight flow

The
scavengirig seems to be the one most closely

approaching tb.e Idee.1 case of urlcontracted laminar flow
and the most successf-~l. The advantage of slots on the
cylinder periphery of the opposing yiston engine has al-
ready been poin’GI’flout by O. Kur:tz {reference 4) . Nothing
seems more suita>le here than the application of the -
sleeve-valve ali-eady used in the four-stroke engine which
is also known to give low.head resistance. It is hardly
to be supposed that with such sleevevalve gear difficul-
ties will arise in obtaining the proper time areas for
the cross section for the scavergj.ng and expansion of the
gases. The power expended in scavenging will in this case



I ‘.

N.A.C.A. .Techiical Memorandum No. 894 17

not exceed 7 to 8 percent of the engine power. In doub-
ling the working ..strokes, we must take into account the
considerable increase in the specific flow heat. For
equal mean piston pressures and rotational speeds, two-
stroke engines show a 40 to 60 percent higher heat stress~
ing of the cooling surfaces than the four-stroke engines.
It is therefore to he assumed that liquid cooling will le
the only type of cooling applied to the two-stroke spark.

ignition engines for the present, particularly since with
four-stroke sleeve engines it is.already difficult to cool
the cylinder head effectively by air. For the protection
of the piston and piston rings against seizing, there are
to be used the methods airea,dy familiar from the two-stroke
Diesel engines and the object will le attained more quickly
if it is decided to make use of forced oil-cooling of the
piston.’ The advantages to be expected from the two-stroke
engine may briefly he summarized as follows.

Low pressures of the charge due to large scavenging
cross sections, lower stressing of engine through the ac-
tion of the ignition pressures which in each rotation
counteract the inertia pressures, and more uniform ‘rota-
tional torque that are all favorable to high speeds with
adequate volumetric efficiency and high power to weight
ratio ; large cylinder outputs that require fewer cylinders
or cylinders with smaller displacement volumes as compared
with. t’he four-stroke engine; and lower exhaust tempera-
tures that afie favorable to the application of the exhaust
turbine.

Translation by S. Reiss,
National Advisory Committee
for Aeronautics.
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CoblingArea Characteristicsof 4irplaneEngines
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liters

Wright Cyclone G 100
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BristolPegasus XVIII

Bramo Fa.fnir
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Napier Rapier

Argus As 410

2g.g5/9
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Take-off
power

hp.
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Liter
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.195
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.264
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liter
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.Ejg2
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.475
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CoolinR area
!ylinderFower

m2/hp.

0.0164

.0184
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~igure 1.- Vrlght ‘fCyclone (3102N0 Bore ~
156 -, stroke 174 xa, V=29.8[

Iit3%E,Tiike.off-power ll15hp. n=2300 #
r.p,m., rated power at 1830 m altitude
913 hp. at 2200 r.p.m.octane numberof

1

fhel 90,6= 6.7 , outside diameter 1400m , {
length 1412 uun,weight 578 kg, propeller
reduction gear 16:11 . Fuel cons~tion !
in cruieing 193 g/hp.hr. Wright also
nxdcesa similar design of a 14 cylinder !

1

double row radial engine(V = 42.1 liters)‘
for 1520 hp. take-off and 1217 hp. rated ~
load near the ground.

Figure 3.- Allison ‘IV171O-C 6“. 12 cyl.
liquid cooled, bore 139.7 mm,

stroke 152.4 mm. V = 28 liters , take--of
power 1014hp., n = 2600 r.p.m.,1.205
at. supercharge,cruisingpower700 hp.,
n = 2300 r.p.m.,fuel octanenumber 87 ,
E6,= length 2:4 m. Width O.778 m ,
height 1.07m , propellerreductiongear
ratio2.1 , weight580 ~. A

.
-e-l

Figure 2.- Napier Ihgger VIII. 24 cylind-
er H ty-pe, bore 9? mu, stroke

‘%@J

95mm,v= 16.85 litere, maximum power &t %-
ground 969 hp. at 4200 r.p.m,, 1.455 at. T
supercharge pressure, maximum power ●t

[

2.67 km. altitude 1014 hp. at 4200r.p.m. ~
1.385 at. superchargepressure , cruising ‘
power (max.) 781 hp. at 3600 r.p.m.,
1.279 at. supercharge,’fueloctane number
87,E= 7.75 , weight (dry) 592 kg. “+
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Figure 7.- Increase in
power through

improved valve timing. a)
power curve with outlet
cam, b) power curve with
more favorable valve
timing, c) power curve
with more favorable
timing and greater
opening times of the
valves.
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Figs, 5,7

Figure 5. - Power,
volumetric

efficiency, mean indicated
pre6sure as functions of
the velocity at intake.
Single-cylinder tests with
a 1 liter cylinder, super-
charge pressure 1,033 at.,
e = 6.5, supercharge air
temperature t = 20°.
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Combustion chamber
2 valves~2 valves 2 valves

(a) 6 xNi of single 300

cylinier
(b) Uneven mixture

distribution
(c) Flow losses
(d) Auxiliary drive and

280

valve gear
(e) Piston rincs
(f) Connecting rod and

piston 260
(g) Crankshaft
(h) Supercharger $ hp.

i3
~

Firure 6.- Internal losses 240
of a six

cylinder in-line engine.

220

200

Fi:gure8.- Efficiency of
combustion chambers.

a)$ndicated power per kg. air
per second, b) efficiency of
the combustion chamber q *
indicated power+ air
consumption (leg/hr)x 87.8,
c = 6.5, supercharge pressure
1.033 at. supercharge air
temperature 200, ~= 0.8 - 0.9.

J

2400 2600 2800 3000
r.p.m.
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Figure 9,- Indicated
horsepower

per kg. air per second.
a) as a function of the
air excess ratio, b) as
a function of the super-
charge pressure at
maximum power mixture
(superchargeair
temperature 20°, c = 6.5)
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determined by the knocking limit as a function of the
temperature (t= 6.5 , fuel octane number = 87).
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lligure14.- Effect
excess

on power and fuel
consumption.
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Figure 13.- Cylinder
power and

speed as a function of
the cylinder s’ize.a)
maximum indicated power
of-direct intake engine
b) maximum indicated power
at 1.4 at. supercharge and
25° intake air temperature
c) maximum indicated power
at 1.4 at. supercharge and
110° intake air temperature
(knoc~ limit), d) maximum
rotational speeds.
Pmi = 12,5 at 80 m/s gas
velocity at inlet,
Stroke - bore ratio H/D =
1.1, inlet area
.1

J!
e=

0.1445 D2 ~= 6.5,
fuel octane number 87.
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